Background. The relationship between first and subsequent cerebrospinal fluid (CSF) shunt infections is poorly understood. By understanding the factors associated with increased risk of reinfection, researchers may provide optimal treatment strategies at the time of first infection. The objective of this study was to describe and compare children with and without CSF shunt reinfection. Methods. A retrospective cohort study was performed among 118 children who underwent initial CSF shunt placement and developed first CSF shunt infection. The primary outcome variable was CSF shunt reinfection. Patient risk factors and medical and surgical management of initial CSF shunt placement and first CSF shunt infection were compared between children with and without reinfection. Results. Of 118 children with first infection, 31 (26%) developed a reinfection during the study period (overall median follow-up, 2096 days). Factors associated with reinfection in this cohort included ventriculoatrial or complex shunt at initial CSF shunt placement, complications after first CSF shunt infection, and intermittent negative CSF cultures. Conclusions. Few patient or treatment factors were associated with reinfection. Factors associated with difficult-to-treat first CSF shunt infection, including complications after first CSF shunt infection and intermittent negative CSF cultures, were associated with reinfection. Clinicians who treat patients with unusual CSF shunts or more difficult first infections should have a high index of suspicion for reinfection after treatment is completed.
Staphylococcus aureus; for ventriculoperitoneal shunts pathogens orginate from the enteric system with gramnegative bacilli [12, 13] . Thus, the prevailing hypothesis for CSF shunt infection is that the infecting organism is introduced during surgical manipulation of the site.
Two of the largest observational studies of treatment of CSF shunt infection to date observed reinfection rates of 26% (18 of 70) and 20% (10 of 51), respectively [14, 15] . Investigators have noted considerable variation in treatment duration and methods of medical and surgical management of shunt infections that might explain reinfections [11, 12, 16, 17] . Development of a second CSF shunt infection is a particularly critical event because it is associated with recurrent reinfections in a small number of children [18] . Therefore, we sought a better understanding of the characteristics associated with reinfection after first CSF shunt infection, because these may provide information for optimal treatment strategies at the time of first infection.
The objective of this paper was to describe and compare children with and without CSF shunt reinfection.
METHODS
We conducted a retrospective cohort study among children who received care at Primary Children's Medical Center (PCMC), a tertiary care children's hospital serving the Intermountain West (Utah, Nevada, Idaho, Colorado). The study was reviewed and approved by the Institutional Review Boards at the University of Utah and Seattle Children's Research Institute, and the research did not require informed consent.
The cohort was derived from 579 children under 18 years of age who underwent initial CSF shunt placement with a discharge date between January 1, 1997 and October 12, 2006 at PCMC, as described previously [9, 10] . Of these, 118 subsequently developed CSF shunt infection before December 12, 2006 , which was confirmed by medical record review. Data from each neurosurgical admission for each cohort member up until the time of first CSF shunt infection were collected using Intermountain Healthcare's database and chart review [9, 10] (Figure 1 ).
First CSF shunt infection and reinfection was defined by 1 or more of the following criteria: (1) presence of bacteria in a Gram stain or culture of CSF, wound swab, or pseudocyst fluid; (2) documentation of visible hardware; or (3) abdominal pseudocyst. In children with a ventriculoatrial shunt in place, presence of bacteria in a blood culture was also considered a CSF shunt infection [9, 19] . Organisms that grew in broth only were considered to be infections. Visible hardware documented in history but not mentioned in physical exam met infection criteria. For children who had first shunt infection before December 31, 2006 , an additional chart review was performed to ascertain the outcome variable, CSF shunt reinfection, before June 28, 2010 [18] .
Predictor variables of interest include patient risk factors and surgical management at the time of initial shunt placement and intervening revision surgeries as previously described [9, 10, 20] . We characterized prematurity using International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes for preterm by either birth weight or gestational age under 36 weeks; for seizure, we used either ICD-9-CM codes for convulsions or documentation in the medical record.
We also considered the following factors during the treatment of first CSF shunt infection: chronological age; surgical approach to infection treatment [17] ; bedside location of first infection surgery; duration of time from first positive culture to first infection surgery; duration of time between infection surgeries (eg, time from externalization or full removal/external ventricular drain [EVD] placement to reinternalization or new shunt placement); duration of time from first negative culture to final infection surgery; complications after first shunt infection; and distal shunt type after first shunt infection (ie, peritoneal, atrial, or complex, meaning multiple shunts placed or any single shunt with multiple catheters joined together).
We further characterized the use and duration of intravenous (IV) antibiotics between infection surgeries in detail, after a review by our infectious disease expert (E. A. T.). Concordance of IV antibiotic use was assigned when the organism(s) grown in culture were sensitive to the antibiotic. Intravenous antibiotic use was further characterized as appropriate if its dose was appropriate for weight and, where applicable, it had adequate central nervous system (CNS) penetration. Because guidelines for most organisms as to when aminoglycoside synergy should be used are unclear and CNS penetration is poor, we characterized aminoglycoside treatment as concordant but not appropriate when the organism was susceptible. If a susceptible aminoglycoside was used as primary therapy intrathecally, it was considered concordant and appropriate. Because aminoglycoside synergy is recommended in severe enterococcal infection [21] or bacteria with intermediate resistance to the primary antibiotic, these circumstances were also considered concordant and appropriate. If only a Gram stain or visible hardware was seen, we did not characterize concordance. When susceptibilities were not provided, they were anticipated based on the organism grown. Broad-spectrum antibiotic use was defined as use of an antibiotic that was more broad than necessary given the organism's susceptibility pattern and CNS penetration. For example, for gram-positive organisms, the use of vancomycin was considered broad spectrum if the organism was susceptible to oxacillin. If anaerobic coverage was added when it was not necessary based on organism recovered, this antibiotic coverage was also considered broad spectrum. When infections were polymicrobial with bacteria of different classes, antibiotic use was characterized as broad spectrum. Gentamicin use is widespread, and we considered its use as broad spectrum unless it was used in conjunction with severe Enterococcus infection. Use of intrathecal antibiotics was handled as a dichotomous variable. Use of rifampin was considered synergistic and was not incorporated further into consideration of broad spectrum or concordant antibiotics as susceptibility data were not available.
Finally, we examined diagnostic and microbiological factors in CSF shunt infection [18] . We also considered the following factors: specific infection criteria met (see outcome definition); organism(s) recovered in CSF, blood, and wound culture(s); presence of ventriculitis (new organism grown in CSF culture) and bacteremia (new organism grown in blood culture); polymicrobial infection (defined as growth of more than 1 organism from 1 or more sources); the presence of intermittent negative CSF cultures (defined by positive CSF cultures clearing and then returning over the course of treatment); duration of positive CSF cultures; and, where available within 48 hours of infection diagnosis, first CSF shunt infection studies including Gram stain, white and red blood cell counts, glucose, and protein.
Children with first CSF shunt infection were described overall and by subsequent reinfection status using frequency and proportion for categorical variables; and mean and standard deviation, or median and interquartile range (IQR), were used for continuous variables. Risk factors for reinfection were assessed in separate unadjusted Cox proportional hazard models to ascertain risk and account for censoring. Risk factors that demonstrated statistically significant hazard ratios in unadjusted analyses were subsequently entered into a Cox proportional hazards model. No variables were placed into the multivariable model a priori. A stepwise approach was used for model selection, with entry and retention criteria of α = 0.05. To maximize the sample size on which the multivariable models were based, CSF laboratory tests such as white blood cell count and protein were excluded from model selection due to missing data. However, we also performed a sensitivity analysis in which only 80 children with complete CSF laboratory data were included. Results are presented as adjusted hazard ratios (HRs) with 95% confidence intervals (CIs). All statistical analyses were performed using SAS (version 9.2; SAS Institute, Cary, NC).
RESULTS
Of the 118 children with first CSF shunt infection in the cohort, 31 (26%) developed a reinfection during the study period. The median time between infections for the 31 children with reinfection was 66 days (IQR, 27-789 days). The overall median duration of follow-up was 2096 days (IQR, 252-3246 days), and median duration of follow-up for the group without reinfection was 2744 days (IQR, 1729-3493 days). The characteristics of the children in this cohort at the time of initial shunt placement are shown in Table 1 . Children with first infection were generally under 6 months of age (70%), male (62%), and non-Latino white (80%). Treatment characteristics in this cohort are shown in Table 2 . During first CSF shunt infection, most children in the cohort underwent treatment with concordant (93%), appropriate (83%), and broadspectrum (92%) IV antibiotics for a median of 14 days (IQR, 11-21 days); as well as full shunt removal and EVD placement followed by new shunt placement (90%). Diagnostic and microbiological factors for infections in the cohort are shown in Table 3 . Most infections were diagnosed by CSF culture (89%); organisms were predominantly coagulase-negative Staphylococcus (56%) and S aureus (18%).
Factors associated with reinfection in univariate survival analyses (P < .05) were few and included: male gender; both atrial and complex shunt; age 1-6 months at first CSF shunt infection; complications at first CSF shunt infection including malfunction, subdural hemorrhage, abdominal abscess, and CSF leak; both atrial and complex shunt after infection treatment; intermittent negative CSF cultures; higher initial white blood cell count; and higher initial protein (data not shown).
Treatment characteristics associated with reinfection included ventriculoatrial (HR, 4.0; 95% CI = 1.3, 10.0) and complex (HR, 7.7; 95% CI = 1.2, 28.1) shunt at initial CSF shunt placement and any complication after first CSF shunt infection (HR, 3.1; 95% CI = 1.2, 7.0) ( Table 4) . Neither antibiotic approach or duration nor surgical approach to treatment of infection were significantly associated with reinfection. Specific complications significantly associated with reinfection in the base model included abdominal abscess and CSF leak (data not shown). No differences were seen in reinfection risk based on how the diagnosis of infection was made, the infecting CSF organisms, the presence of ventriculitis or bacteremia, nor polymicrobial infections. Only intermittent negative CSF cultures (HR, 3.2; 95% CI = 1.3, 7.0) were independently associated with reinfection. Among the 13 children with intermittent negative CSF cultures, the median time between positive cultures was 3.5 days (IQR, 2-6 days), and 12 had negative CSF cultures before second shunt surgery. The 13 children with intermittent negative cultures had similar organisms to the overall cohort: 6 children were infected with S epidermidis, 4 children were infected with S aureus, 1 child was infected with Enterococcus faecalis, 1 child was infected Pseudomonas aeruginosa, and 1 child was infected with Klebsiella oxytoca. Among the 8 children with intermittent negative cultures who developed reinfection, a new organism was seen in 7 cases at the time of reinfection. In a sensitivity analysis performed on 80 children with complete CSF laboratory data, infection hazard remained increased in children with ventriculoatrial shunt at initial CSF shunt placement, ventriculoatrial and complex shunt after first CSF shunt infection, CSF leak, and for every increase of 10 white blood cell count in CSF (data not shown). Time between infection surgeries a (days), median (IQR) for 111 infections 14 (11, 21) 15 (13, 25) 14 (11, 21) Time from first negative culture to final infection surgery (days), median (IQR) for 107 infections 14 (10, 19) 14 (11, 20) 14 (10, 19) Complications, n (%) Shunt malfunction 2 (2%) 4 (13%)
Abbreviations: CSF, cerebrospinal fluid; EVD, external ventricular drain; IQR, interquartile range; IT, intrathecal; IV, intravenous.
a Time between infection surgeries (eg, time from externalization or full removal/EVD placement to reinternalization or new shunt placement).
DISCUSSION
An improved understanding of risk factors that underlie shunt reinfection is critical because these children experience a high degree of morbidity. In this large and detailed cohort of children with first CSF shunt infection, 26% developed reinfection during the study. Few patient, treatment, and diagnostic or microbiological factors were associated with reinfection. Intriguingly, evidence of more difficult treatment both at initial placement with nonventriculoperitoneal shunts, and at first infection with intermittent negative CSF cultures and complications, was associated with reinfection.
The finding that difficult treatment of first CSF shunt infection is associated with reinfection is of interest, even though this study is based on a small retrospective cohort. In previous prospectively conducted studies, CSF leak has already been shown to be associated with infection [22] , and this association was seen again in this work. The association of intermittent negative CSF cultures during first infection with reinfection is a new finding. It makes sense that difficulty clearing bacterial pathogens from CSF would be associated with reinfection. The presence of initial white blood cell count in the sensitivity analysis also points to a role for more established inflammation during first CSF shunt infection being associated with reinfection. These findings support the practice of regular surveillance of CSF cultures while a child is being treated for CSF shunt infection.
Medical management of CSF shunt infection, and specifically IV antibiotic use in CSF shunt infection treatment, is an area of considerable interest and variation [14, 16, 17, 22, 23] . Although IV antibiotics are a mainstay of clinical practice in conjunction with surgery [13, 24, 25] , duration of IV antibiotic use varies widely [14] and depends, in part, on the surgical approach used [1, 26] and pathogen involved [25, 27] . In previous studies, observed durations range from 9 days to 17 days [14, 15, 17] . We were able to characterize IV antibiotic use and duration in great detail, including concordance with recovered organisms, appropriateness of dosing, and use of broader spectrum antibiotics. Because it is regular practice at this institution to use gentamicin, a high percentage of patients were on broad-spectrum therapy. We were unable to determine whether use of broad-spectrum therapy had any adverse effects such as antibiotic-associated diarrhea or development of drug-resistant bacterial infections or colonization; these adverse effects should be studied further. In this study, we noted no differences between those with and without reinfection in duration or spectrum of antibiotic use. Further study is needed to determine the optimal duration and spectrum of therapy. Surgical management of CSF shunt infection includes primarily shunt removal and EVD insertion followed by new shunt placement once the CSF is sterile, and less frequently shunt externalization followed by shunt replacement [13, 17, [28] [29] [30] [31] [32] . Surgical management is also of considerable interest and substantial variation [14, 16, 17, 22] , with shunt removal or new shunt placement ranging from 55% to 71% and externalization ranging from 12% to 37% [14, 15, 17] . The superiority of any surgical approach in preventing CSF shunt reinfection is unclear [14, 15, 17, 23] . Although we found no differences between those with and without reinfection in surgical approach, we also observed far less variation in surgical approaches than the 3 earlier studies, with 90% of the cohort undergoing shunt removal or new shunt placement.
This study includes several limitations. The main limitation is the retrospective, single center study design. The small numbers of reinfections limits our ability to find differences; as such, future work with larger and better powered multicenter cohorts is still needed. The large number of variables and low number of infections mean logistic regression models may overfit these data. Because this study relied on medical chart review, some data, such as gestational age and birth weight, were missing. In addition, interventions that were not documented on the chart were listed as not done. From 2001 to 2002, antibiotic-impregnated shunt tubing may have been used; these data are not feasible to capture, and they may have affected recovery of organisms from CSF. Cerebrospinal fluid cultures are obtained at the discretion of the neurosurgeon, and variations in neurosurgeon practice affect our ability to know the true duration of positive CSF cultures. We were also unable to capture and consider antibiotic use or shunt tapping between infection episodes in both outpatient and inpatient settings. Nonetheless, this study has the strength of a large cohort of children, and it contains rich information about both initial CSF shunt placement and first infection management.
The results of this study suggest that few patient or treatment factors, except non-ventriculoperitoneal shunts and complications during first CSF shunt infection, were associated with reinfection. This work also supports a growing body of evidence that demonstrates clinical equipoise in the treatment of CSF shunt infection, because the superiority of particular medical or surgical approaches to the treatment of CSF shunt infection has not been established. Diagnostic or microbiological factors during the first infection associated with reinfection included intermittent negative CSF cultures and high initial white blood cell count in CSF. These findings suggest that clinicians who treat patients with unusual CSF shunts or more difficult first infections should have a high index of suspicion for reinfection after treatment is completed.
